In the upper respiratory epithelium, bitter and sweet taste receptors present in solitary chemosensory cells influence antimicrobial innate immune defense responses. Whereas activation of bitter taste receptors (T2Rs) stimulates surrounding epithelial cells to release antimicrobial peptides, activation of the sweet taste receptor (T1R) in the same cells inhibits this response. This mechanism is thought to control the magnitude of antimicrobial peptide release based on the sugar content of airway surface liquid. We hypothesized that D-amino acids, which are produced by various bacteria and activate T1R in taste receptor cells in the mouth, may also activate T1R in the airway. We showed that both the T1R2 and T1R3 subunits of the sweet taste receptor (T1R2/3) were present in the same chemosensory cells of primary human sinonasal epithelial cultures. Respiratory isolates of Staphylococcus species, but not Pseudomonas aeruginosa, produced at least two D-amino acids that activate the sweet taste receptor. In addition to inhibiting P. aeruginosa biofilm formation, D-amino acids derived from Staphylococcus inhibited T2R-mediated signaling and defensin secretion in sinonasal cells by activating T1R2/3. D-Amino acid-mediated activation of T1R2/3 also enhanced epithelial cell death during challenge with Staphylococcus aureus in the presence of the bitter receptor-activating compound denatonium benzoate. These data establish a potential mechanism for interkingdom signaling in the airway mediated by bacterial D-amino acids and the mammalian sweet taste receptor in airway chemosensory cells.
INTRODUCTION
The nose and sinuses are the front line of respiratory defense (1) . When sinonasal immunity fails, it can result in chronic rhinosinusitis (CRS), a debilitating disease affecting >10% of Americans and accounting for $8 billion of annual direct health care costs (2-4). First-line therapy for bacterial rhinosinusitis involves antibiotics; rhinosinusitis accounts for one in five antibiotic prescriptions for adults in the United States, making it a major contributor to the rising crisis of antibiotic resistance (5-7). There is a critical need to better understand the regulation of endogenous sinonasal immune responses to identify novel therapeutic targets that could treat CRS without the use of antibiotics to avoid selective pressures for resistance. We previously showed that sinonasal solitary chemosensory cells (SCCs), a recently identified cell type in the upper airway, stimulate secretion of antimicrobial peptides (AMPs) through bitter taste receptors (T2Rs) (8) . T2Rs, originally identified on the tongue (9, 10) , are found in many tissues throughout the body (11) (12) (13) . T2Rs are activated by toxic plant products, such as alkaloids, as well as bitter bacterial products, such as acyl-homoserine lactone (AHL) quorum-sensing molecules (8, (13) (14) (15) (16) (17) (18) . SCCs, a specific cell type found at a frequency of~1:100 in the upper airway and which expresses both bitter and sweet taste receptors, were first described in fish (19) and later in alligators (20) , rodents (21) (22) (23) , and humans (8, 24) . SCCs are defined by expression of taste-signaling components, including bitter receptors (T2Rs), sweet receptors (T1R2/3), and Ga-gustducin (8, (21) (22) (23) (24) . Activation of T2Rs in human sinonasal SCCs stimulates propagation of a calcium wave to the surrounding epithelial cells, causing release of AMPs (including b-defensins) that kill bacteria (8) .
This mechanism is inhibited by activation of sweet taste receptors (T1Rs) (25) , which are localized within the same SCCs as the bitter taste receptors (8) . SCC responses stimulated by the bitter T2R agonist denatonium are blocked in a dose-dependent fashion by sugars such as glucose and sucrose, as well as the nonmetabolizable artificial sweetener sucralose (8) . This inhibition is blocked by the T1R2/3 (T1R receptor containing T1R2 and T1R3 subunits) antagonists lactisole (26) (27) (28) and amiloride (29) but not by inhibitors of glucose transporters (8) . Glucose tonically leaks across the epithelium into the airway surface liquid (ASL) through paracellular pathways, but reuptake through apical glucose transporters in the healthy state maintains ASL glucose at around 0.5 mM or less, which is about 10-fold less than fasting serum concentration (30) (31) (32) . However, such low glucose concentrations are nonetheless sufficient to partially activate T1R2/3 in human nasal SCCs (8) . We have hypothesized that T1R2/3 acts as a rheostat to control the magnitude of the AMP response depending on ASL glucose concentrations, desensitizing SCC T2Rs to bitter compounds during colonization. This desensitization would be relieved when bacterial numbers increase enough to cause depletion of ASL glucose through bacterial glucose consumption, signaling the onset of a bona fide infection (8) .
Although this hypothesis requires further validation, another mechanism by which airway T1R2/3 receptors may be activated is through bacterial production of D-amino acids, several of which activate the sweet taste receptor (26, 33) . Life has evolved to predominantly use L-amino acids as protein building blocks, but bacteria produce a diverse array of D-amino acids used as cell wall structural components and possibly intercellular signals. The racemase activity of bacteria and their resulting ability to interconvert and metabolize both D-and L-amino acids have been proposed to be responsible for maintaining the relatively low D-amino acid/L-amino acid ratio found on Earth (34) . The Gramnegative bacterium Vibrio cholera and the Gram-positive bacterium Bacillus subtilis produce D-amino acids, which may reduce peptidoglycan synthesis and influence cell wall remodeling (35) .
D-Amino acids may stimulate biofilm disassembly in B. subtilis (36) and inhibit biofilm formation of Pseudomonas aeruginosa (37, 38) , Staphylococcus aureus (39, 40) , and Staphylococcus epidermidis (41) as well as cause dispersal or detachment of cells from single-species and multispecies biofilms containing P. aeruginosa (42), S. epidermidis (41), or S. aureus (43, 44) . D-Amino acids may inhibit adhesion of bacterial cells to one another (45, 46) . However, other studies starkly conflict with these results and suggest that D-amino acids at 1 mM do not inhibit biofilm growth in S. aureus, B. subtilis, or S. epidermidis (47) . Effects of D-amino acids on B. subtilis may be simply due to toxic effects of inhibition of protein synthesis (48) . Others have reported that mixtures of D-amino acids (49) or combinations of D-amino acids with antibiotics (50) may be more effective against biofilm formation than individual D-amino acids. Interpretation of these studies is complicated because of differences in strains, biofilm assays (for example, microtiter plate versus flow cell), and the dosage of specific D-amino acids used (51) .
Regardless of the controversy over the mechanism(s) of action of D-amino acids on the bacteria themselves, both Gram-negative and Gram-positive bacteria produce various D-amino acids at relatively high concentrations (in the high-micromolar to low-millimolar range) (35, 36, 52) . This range is predicted to be sufficient to activate the sweet taste receptor (33, 53) on the airway epithelial SCCs that produce T1R2/ 3. We hypothesize that certain D-amino acids produced by bacteria may play an important role in host-pathogen interactions in the sinonasal cavity by activating the sweet taste receptor in SCCs, and thus, we sought to study the effects of sweet receptor-activating D-amino acids on upper respiratory epithelial cells and on the physiology of respiratory bacteria. Our goal was to test the effects of bacterially produced D-amino acids on airway epithelial innate immune responses to understand how they may influence host-pathogen interactions in the upper respiratory tract.
RESULTS
Sinonasal SCCs produce the T1R2 and T1R3 subunits of the sweet taste receptor The canonical sweet taste receptor is composed of Tas1R2 (T1R2) and Tas1R3 (T1R3) subunits (54) . A closely related subunit, Tas1R1 (T1R1), also combines with T1R3 to form the umami receptor (Fig. 1, A and B) . These proteins are found only in vertebrates and are members of the class C family of heterotrimeric guanine nucleotide-binding proteincoupled receptors (GPCRs), which also includes metabotropic glutamate receptors as well as several receptors that detect amino acids and small peptides, including V2R pheromone receptors (Fig. 1A, fig. S1 , and table S1) (54) . The evolution of T1Rs from ancestral receptors for amino acids and peptides likely explains the reactivity of these receptors to certain amino acid isoforms. Typically, the umami receptor (T1R1/3, formed by the association of T1R1 and T1R3 subunits) detects the L-isomer (savory) amino acids, and the sweet receptor (T1R2/3, formed by the association of T1R2 and T1R3) detects certain D-isomers of amino acids in addition to various sugars, including sucrose, glucose, and fructose (55), as well as several known sweet peptides, such as monellin (56) .
When primary human sinonasal cells were grown in air-liquid interface (ALI) cultures, these cultures contained SCCs, which were identified by morphological criteria and production of both bitter and sweet taste receptors, as previously described in mouse (57) and human (8, 58) . SCCs are found at an approximate frequency of about 1 in 100 cells in the mouse sinonasal epithelium (57). Although we previously reported that human SCCs produce both T1R2 and T1R3 along with the bitter taste receptor T2R47, we did not determine whether the same SCC produces both T1R2 and T1R3 together, which would be required for formation of the canonical sweet taste receptor, T1R2/3. Here, we used direct labeling of SCCs using antibodies recognizing both T1R2 and T1R3 subunits. All SCCs observed in these cultures produced both T1R2 and T1R3 (Fig. 1C and fig. S2 ). We did not observe any SCCs in which only T1R2 or T1R3 was present alone. When costaining was done with T2R47 and T1R2 or T1R3, T2R47-positive cells were always observed to produce T1R2 or T1R3. On the basis of these and our previous observations from human SCCs (8) We classified these cultures by the predominant species present in the culture, but other species were also present in each culture at lower abundance. Cultures in which either S. aureus or coagulase-negative Staphylococcus was predominant contained D-Phe and D-Leu, whereas cultures in which P. aeruginosa or A. fumigatus was predominant did not ( Fig. 2A ).
D-Amino acids reduce P. aeruginosa biofilm formation and swarming To determine whether the D-amino acids present in clinical microbiologic cultures might affect the growth of bacteria, we grew wild-type P. aeruginosa strain PAO1 and methicillin-resistant S. aureus (MRSA) strain M2 in filter-sterilized conditioned medium (CM) from sinonasal clinical cultures. CM from cultures in which S. aureus was predominant, but not CM from cultures in which P. aeruginosa was predominant, reduced biofilm formation by P. aeruginosa strain PAO1 (Fig. 2B ). MRSA M2 biofilm formation was not affected by CM from either S. aureuspredominant or P. aeruginosa-predominant cultures. When a clinical MRSA strain and P. aeruginosa PAO1 biofilms were grown in a medium supplemented with varying concentrations of D-Phe, D-Leu, and D-Tyr [another D-amino acid previously shown to be produced by P. aeruginosa and activate T1R2/3 (35)], we found that P. aeruginosa PAO1 exhibited a 10-fold lower median inhibitory concentration (IC 50 ) than did MRSA as well as a higher maximum inhibition of biofilm formation ( Fig. 2C ), suggesting that P. aeruginosa PAO1 has a greater sensitivity to the biofilm inhibitory effects of D-amino acids produced by Staphylococcus species. L-Amino acids supplemented at the same concentrations had no effect on biofilm formation (Fig. 2C ). Whether these concentrations translate to in vivo D-amino acid production remains to be determined. We noted that planktonic cultures of P. aeruginosa [wild-type PAO1 or American Type Culture Collection (ATCC) 27853] grown in the presence of two T1R2/3-activating D-amino acids (D-Phe + D-Leu) were less blue-green than when cultured in the absence of these D-amino acids (Fig. 3A ). This was due at least in part to a reduction in the production of pyocyanin, a secreted toxic secondary metabolite (Fig. 3 , B and C). As a control, a strain deficient in AHL quorum sensing (PAO-JP2; DlasI, DrhlI), which produces very little pyocyanin at baseline (Fig. 3B) , was unaffected by the presence of D-Phe or D-Leu (Fig. 3C ). Because biofilm formation and pyocyanin production are under the control of the AHL quorum-sensing system, we also tested swarming motility in Pseudomonas, which is likewise controlled by quorum sensing. Swarming is important for bacterial spreading and biofilm formation (62) and requires flagellar function and rhamnolipid production (62, 63) . Swarming is evidenced by a characteristic irregular radiation of cells from a spot on semisolid high-density agar plates that mimic gelatinous viscous surfaces like the mucosal membrane (62) . In contrast, swimming on low-agar plates, which reflects random twitching motility, results in a more even diffusive colony spread ( S5 ). We observed no differences in any of these parameters between bacteria exposed to D-or L-amino acids. Our negative data suggest that these T1R2/3-activating D-amino acids do not affect P. aeruginosa dispersion or cell wall integrity. effects of the D-and L-isomers of Phe and Leu on T2R-mediated calcium responses of human SCCs grown in ALI cultures. This culturing method is a standard in vitro model of the airway epithelium that mimics the morphology of the in vivo airway epithelium and includes ciliated cells, goblet cells, and SCCs (8, 14, (64) (65) (66) . ALI cultures grown at physiological concentrations of basolateral glucose (5 mM or 90 mg/dl) produce ASL containing 0.3 to 0.5 mM glucose, which is similar to the concentration of glucose in control nasal fluid samples (8) . This glucose concentration, which results from transepithelial leak of basolateral glucose through paracellular pathways balanced by cellular reuptake of glucose through apical glucose transporters (GLUTs) (30, 31) , is sufficient to slightly attenuate T2R Ca 2+ responses in SCCs (8) . For this reason, cultures were thoroughly washed immediately before experiments to remove any residual ASL glucose that may influence the cells.
As previously reported (8), the T2R agonist denatonium benzoate stimulated Ca 2+ responses from SCCs that were inhibited dosedependently by the presence of apical glucose (0.5 to 5 mM). The sweet taste receptor antagonists-lactisole (27, 28) and gymnemic acid (67, 68) -blocked glucose-mediated inhibition of SCC calcium responses (Fig. 4A) . When SCCs were exposed to D-Leu or D-Phe, but not L-Leu or L-Phe, they likewise exhibited reduced denatonium-stimulated Ca 2+ responses (Fig. 4B ) that were also reversed by lactisole. We previously showed that these SCC Ca 2+ responses ( 
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2+ signaling suggests that D-Leu and D-Phe have effects on SCC signal transduction upstream of AMP release, as we previously reported for sugars and artificial sweeteners acting through the sweet taste receptor (8) . The decrease in SCC Ca 2+ signaling elicited by D-Leu and D-Phe also resulted in reduced b-defensin 1 (bD1) secretion, which was likewise reversed by lactisole (Fig. 4D) . D-Phe and D-Leu also reduced Ca 2+ responses in cultured nasal septum ALI cultures from wild-type but not T1R3 knockout mice ( fig. S6 ), supporting the idea that this reduction occurs through the sweet taste receptor.
We next tested the hypothesis that T1R2/3-activating D-amino acids impair epithelial defense by examining the effects of MRSA bacterial coculture on cell viability in sinonasal ALI cultures in the presence and absence of these secreted D-amino acids. We examined host cell death after incubation of the cells with the laboratory strain MRSA M2, by determining the proportion of live and dead cell staining with Syto9, a fluorescent compound that labels the nuclei of both live and dead cells, and propidium iodide (PI), a fluorescent compound that labels the nuclei only of dead or dying cells. We estimated the number of live and dead cells by measuring the relative areas of Syto9 and PI staining, respectively, using fluorescence microscopy. Representative images are shown ( Fig. 5A ) with quantification of staining (Fig. 5B) . In the absence of bacteria, ALI cultures exhibited no detectable cell death (Fig. 5A, upper left) , evidenced by a lack of PI staining. Incubation with MRSA ± D-amino acids (D-Phe + D-Leu; 200 mM) induced widespread cell death (Fig. 5A) , which was slightly reduced with lactisole compared to incubation with MRSA + D-amino acids alone (Fig. 5A , top row, quantified in Fig. 5B) . However, addition of the T2R agonist denatonium resulted in fewer dead cells in cultures exposed to MRSA than did treatment with MRSA alone (Fig. 5A) likely because of AMPs secreted in response to denatonium activation of SCC T2Rs. The addition of D-amino acids exacerbated cell death under these conditions (Fig. 5, A and B) , which was reversed by lactisole or gymnemic acid 2 (GA2) (Fig. 5A , middle row, quantified in Fig. 5B ). This suggests that D-amino acid (DAA) activation of T1Rs inhibits the protective T2R-activated AMP response, reducing epithelial defense.
To demonstrate the relevance of this effect to clinically produced concentrations of D-amino acids, we tested the effects of MRSA strain M2 CM from 24-hour overnight cultures. MRSA CM blocked the protective effects of denatonium, resulting in cell death, but had no effect in the presence of lactisole (Fig. 5A , bottom row, quantified in Fig. 5B ). Treatment of patient-derived ALI cultures with PAO1 CM had no effect (Fig. 5A , bottom row, quantified in Fig. 5B) 
DISCUSSION
The role of the T1R2/3 sweet taste receptor in sinonasal SCCs may have pathophysiological consequences in patients with diabetes mellitus, CRS, or cystic fibrosis, all of which have been reported to have increased ASL glucose concentrations (8, 30, (69) (70) (71) . In control patients, nasal ASL glucose is low (<0.5 mM), which is similar to in vitro observations of ALI cultures grown in physiological (5 mM or 90 mg/dl) basolateral glucose (8) . This amount of glucose only minimally attenuates SCC T2R responses. However, in patients with epithelial damage due to inflammatory disease, nasal ASL glucose is much higher (~1 to 2 mM), which significantly inhibits SCC T2R responses (8) . Thus, increased ASL glucose secondary to disease may have inhibitory effects on epithelial innate immunity. Here, we show a further relevance of this mechanism to disease pathogenesis by demonstrating that sinonasal SCC T1R2/3 can be activated by bacterial D-amino acids. The data presented here show that clinically relevant respiratory Gram-positive Staphylococcus bacteria produce at least two T1R2/3-activating D-amino acids. Effects of D-amino acids may be magnified in combination with already high ASL glucose found in patients with sinonasal disease. Because these D-amino acids have some effects on P. aeruginosa, this may be an important mechanism of bacterial cross-talk in the human airways. We found that D-amino acids were secreted by both S. aureus and S. epidermidis, which are generally considered to be nonpathogenic components of the normal respiratory flora (72) . Although S. aureus plays an important role in CRS (73), it is considered an opportunistic pathogen because it is also a frequent colonizer of healthy sinuses (74) (75) (76) . The secretion of D-amino acids may be a mechanism by which Staphylococcus strains suppress P. aeruginosa virulence, thus supporting a role for commensal Staphylococcus in preventing pathogenic growth of P. aeruginosa in the airways. Further studies are needed to understand whether this mechanism occurs at physiological concentrations of D-amino acids and whether it is involved in competition or growth coordination.
We also show that D-amino acids produced by Staphylococcus bacteria can suppress sinonasal SCC innate immune responses through activation of T1R and inhibition of AMP secretion. This may be a mechanism by which Staphylococcus species protect themselves from eradication and allow them to colonize human airways. More work is needed to determine whether the presence of D-amino acids in nasal mucus in infected patients is a potential biomarker of Staphylococcus-driven infections and whether T1R sweet receptor antagonists (for example, lactisole or gymnemic acid) are useful topical therapeutics in S. aureusinfected patients.
It has long been known that the innate and adaptive immune systems use pattern recognition receptors (PRRs) to detect conserved bacterial and viral components, such as Toll-like receptor 4 (TLR4)-mediated recognition of bacterial lipopolysaccharide (77) . Our previous work (8, 14) and works of others (15) (16) (17) have demonstrated that T2Rs serve in an immune role similar to PRRs beyond their already established role on the tongue (25) . The data here demonstrate that the T1R2/3 heterodimer also functions much like a PRR by recognizing bacterial D-amino acids, implicating D-amino acids in interkingdom signaling. However, in contrast to TLRs and T2Rs, activation of T1Rs suppresses innate immune responses. We do not yet know whether this provides a host benefit in vivo, for instance, in the prevention of activation of immune responses against commensal bacteria, or whether this is a mechanism by which pathogenic bacteria evade detection. One study has linked several TAS1R polymorphisms to increased risk of developing CRS (78) . Because the sweet taste receptor has multiple ligand-binding sites (26) , further research is needed to determine whether these polymorphisms affect the T1R response to D-amino acids. Because T1Rs are also present on other cell types throughout the body (11, 79) , they may serve as PRR-like receptors that either suppress or stimulate innate immunity outside the airway.
MATERIALS AND METHODS

Reagents and solutions
Fluo-4 and LIVE/DEAD BacLight Bacterial Viability Kit were purchased from Thermo Fisher Scientific. Lactisole (Cypha) was from Domino Foods Inc. Purified GA2 was from Four LLC. bD1 enzymelinked immunosorbent assay development kit was from PeproTech, and the assay was carried out according to the manufacturer's instructions. Unless specified, all other reagents were from Sigma-Aldrich. Antibodies recognizing T1R2 (Abcam ab65417; RRID:AB_2200812) and T1R3 (Abcam ab65419; RRID:AB_1139947) for immunofluorescence, which were validated by Western blot in a previously published study (80) as well as in human embryonic kidney (HEK) 293T cells transfected with T1R2 or T1R3 ( fig. S2 ), were used at 1:100. Antibody against T2R47 (Abcam ab65516; RRID:AB_1143241) was validated in our previous study (8) . Antibody specific for b-tubulin IV was from Abcam (ab11315; RRID:AB_297919; mouse monoclonal; used at 1:250).
Phylogenetic tree construction
Evolutionary history was inferred using a maximum likelihood JonesTaylor-Thornton (JTT) matrix-based model (81) on protein sequences obtained from GenBank and aligned with MUSCLE in MEGA6 (118 amino acid sequences; positions containing gaps and missing data were eliminated, resulting in 117 positions in the final data set) (82) . The full highest log likelihood tree (−12115.8392) is shown in fig. S1 . The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search was obtained by applying the neighbor-joining method to a matrix of pairwise distances estimated using a JTT model. Branch lengths reflect the number of substitutions per site.
Bacterial culture
Bacterial strains PAO1 (ATCC), MRSA M2 (83), ATCC 27853 (Boston 41501), PAO-GFP (gentamicin r ), and PAO-JP2 (DlasI, DrhlI; Tc r , HgCl 2 r ) (84, 85) were grown as previously described (8, 14) . Patient sinonasal microbiology cultures were collected using the BBL CultureSwab Plus transport system (Becton Dickinson), grown overnight in lysogeny broth (LB) medium, and speciated by the Philadelphia Veterans Affairs Medical Center microbiological laboratory. Detection of D-amino acids from bacterial cultures was performed by the Children's Hospital of Philadelphia Metabolomics Core, using liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) to detect D-and L-form stereo-isoforms of Phe, Leu, Ile, and Trp. Microbiological cultures isolated from human sinonasal swabs were grown for 24 hours at 37°C in LB medium, followed by normalization of turbidity to 0.5 McFarland. Sweet D-amino acid production was determined via LC-MS/MS.
Biofilm assays were performed using crystal violet staining in a 96-well plate, as previously described (86) . Briefly, bacteria were normalized to 0.5 McFarland in LB medium or CM, and 100 ml was then aliquoted to 96-well plates containing 100 ml of 0. After incubation for 48 hours at 37°C, microtiter plates were washed three times with distilled water, followed by staining with 1% crystal violet for about 30 min at room temperature. After a second round of washing, biofilm mass and crystal violet were solubilized by incubation in 30% acetic acid for 30 min with shaking and read on a plate reader at 590 nm. Absorption spectra of bacterial culture supernatants were measured on a Tecan Spark 10M plate reader.
Pyocyanin extraction was carried out as previously described (87) . Briefly, 8 ml of supernatant from an overnight culture (grown in cationadjusted Mueller-Hinton broth, normalized to an optical density at 600 nm of 1) was mixed with 3 ml of chloroform. After vortexing and centrifugation, pyocyanin was extracted from the resulting organic chloroform phase with 1 ml of 0.2 N HCl, with absorbance of the acidified pyocyanin read at 520 nm in a plate reader (Bio-Rad). All values were blanked to the LB medium that had undergone the same extraction procedure. Relative concentrations of pyocyanin are shown because we are measuring relative inhibition and did not standardize to purified pyocyanin. However, raw pyocyanin concentrations can be estimated using the molar extinction coefficient of acidified pyocyanin [pyocyanin in micrograms per milliliter = OD 520 × 17.072 and pyocyanin molecular weight = 210.23, as previously described (87)]. Pyocyanin concentrations in PAO1 cultures grown to OD 600 =~1 in peptone broth were previously reported to be~60 mM (88) . Here, we estimate pyocyanin in PAO1 cultures grown to OD 600 = 1 in Mueller-Hinton broth to be 23 mM.
Bacterial swarming and swimming assays were performed as previously described (62, 89, 90) . Plates contained (per 500 ml of M9 minimal medium) 1 g of glucose, 2.5 g of casamino acids, and 60 mg of MgSO 4 plus 1.5 g (0.3% final concentration) or 4 g (0.8% final concentration) of agar for swimming or swarming, respectively. Filter-sterilized solutions of L-or D-amino acids were added after autoclaving to prevent any heatinduced degradation. After spotting of 10 ml of bacteria (adjusted to OD 600 = 1), plates were allowed to dry for 2 hours at room temperature and incubated overnight at 37°C. Antibacterial resistance tests were performed under the supervision of the Philadelphia Veterans Affairs Medical Center microbiological laboratory according to the procedures previously outlined in (91) . Bacteria were normalized to 0.5 McFarland before plating on Mueller-Hinton agar plates coated with D-or L-amino acids (2 mM each in ddH 2 O applied with sterile swabs) before application of a broad spectrum of antibiotics against Gram-negative bacteria as indicated. Antibiotic resistance experiments were performed under the supervision of L. Chandler (director of the Philadelphia Veterans Affairs Medical Center Microbiology laboratory).
For microcolony dispersion assays, microcolonies were grown in Mattek glass-bottom dishes inoculated with PAO-GFP in LB medium + gentamicin and incubated for 48 hours at 37°C. Microcolonies (signifying the onset of biofilm formation) were visualized on a confocal microscope at a magnification of 60×; dispersion was induced by washing out the LB medium and replacing it with Hanks' balanced salt solution plus gentamicin (with glucose as the only nutrient source). Images were taken every 10 min over the course of several hours. Analysis was complicated by the fact that, once cells detached from the coverslip, they became motile and swam in and out of the field of view randomly; for this reason, raw fluorescence intensity or fluorescence area could not be used to quantify the number of cells remaining. A simple image processing workflow was used to measure only those static cells that were in the original first field of view. Image stacks (one time course of one field of view) were first converted to 8 bit, and automatic thresholding was used to create a binary mask (background = 255, cells = 0) of the first image of the stack (time = 0) that was then applied to the entire image stack to minimize the contribution of cells swimming in and out of the image during the time course (that is, all fluorescence outside of the area of the original nonmotile cells was ignored). This allowed measurement of only those cells that were stuck to the coverslip in the first image. To minimize the effects (albeit minimal) of GFP photobleaching over time, we autothresholded the masked image at each time point to quantify the area of signal above background (proportional to the number of cells remaining on the coverslip) rather than the absolute fluorescence.
For determination of salt sensitivity, wild-type PAO1 P. aeruginosa was grown in LB medium overnight, followed by resuspension to 0.01 OD in normal saline at the concentrations indicated. Cells were incubated in low and normal salt solution for 2 hours, followed by dilution and spotting on LB agar plates (incubated overnight at 37°C) to count colony-forming units. All values were normalized to control (0.9% saline) values obtained within the same experiment (n = 3 to 4 experiments for each condition).
Human primary sinonasal epithelial ALI cell culture Primary ALI cultures were set up as previously described (8, 14, 64, (92) (93) (94) . Tissue was obtained from patients recruited from the Division of Rhinology, Department of Otorhinolaryngology-Head and Neck Surgery at the University of Pennsylvania and the Philadelphia Veterans Affairs Medical Center with informed consent and full approval of both Institutional Review Boards. Selection criteria for recruitment were patients undergoing sinonasal surgery. Exclusion criteria included a history of systemic diseases (for example, Wegner's, sarcoid, cystic fibrosis, and immunodeficiencies) and use of antibiotics, oral corticosteroids, or antibiologics (for example, Xolair) within 1 month of surgery. Enzymatically dissociated human sinonasal epithelial cells were grown to confluence in Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 and bronchial epithelial basal medium (BEBM; Clonetics, Cambrex) supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml) for 7 days. Cells were then trypsinized and seeded on porous polyester membranes in cell culture inserts (12 mm, 0.4-mm pores; TranswellClear, Corning) coated with 100 ml of coating solution [bovine serum albumin (BSA) (0.1 mg/ml), type I bovine collagen (30 mg/ml), and fibronectin (10 mg/ml) in LHC basal medium (Thermo Fisher Scientific)]. Five days later, the culture medium was removed from the upper compartment, and the epithelium was allowed to differentiate by using differentiation medium consisting of 1:1 DMEM (Thermo Fisher Scientific) and BEBM (Clonetics) with the Clonetics complements for human epidermal growth factor (0.5 ng/ml), epinephrine (5 mg/ml), bovine pituitary extract (0.13 mg/ml), hydrocortisone (0.5 mg/ml), insulin (5 mg/ml), triiodothyronine (6.5 mg/ml), and transferrin (0.5 mg/ml), supplemented with penicillin (100 UI/ml), streptomycin (100 g/ml), 0.1 nM retinoic acid, and 10% fetal bovine serum (FBS) in the basal compartment.
HEK293T cell culture and transfection HEK293T cells (ATCC) were cultured in high-glucose DMEM (Gibco) with 10% FBS and 1× cell culture penicillin and streptomycin mix. Transfection for heterologous expression experiments was carried out with Lipofectamine 2000 according to the manufacturer's instructions using pcDNA3.1 vectors containing cloned sequences of human TAS1R2 and TAS1R3 cDNAs, with N-terminal rat somatostatin receptor 3 and C-terminal herpes simplex virus tags, as previously described (28) . Cells were fixed in 4% paraformaldehyde for 20 min and stained for immunofluorescence at 48 hours after transfection.
Immunofluorescence microscopy
Immunofluorescence of fixed HEK293T cells and ALI cultures was carried out as previously described (8, 14) . Cells were fixed with 4% paraformaldehyde for 20 min at room temperature, followed by blocking and permeabilization for 1 hour in 0.25% saponin, 1% BSA, and 2% normal donkey serum. Antibodies directed against T1R2 and T1R3 were used with Molecular Probes' Zenon labeling kit for labeling of rabbit T1R2-directed and rabbit T1R3-directed antibodies. Images were viewed at magnifications of 20× (HEK293) or 60× (ALIs) on a wide-field inverted microscope (Olympus IX-83, 1.4 NA Plan Apo objective) running MetaMorph (Molecular Devices). After primary antibody incubation overnight at 4°C, secondary antibody incubation was performed for 2 hours at 4°C using Molecular Probes Alexa Fluor 488-conjugated donkey secondary antibody to detect b-tubulin IV. For HEK293T cell immunofluorescence, T1R2 and/or T1R3 rabbit polyclonal antibodies were used with mouse monoclonal FLAG-tag-directed antibody M2 (Sigma-Aldrich) or anti-hemagglutinin (16B12, ab130275). Donkey secondary antibodies directed against rabbit or mouse immunoglobulin G and conjugated to Alexa Fluor 488 or 555 were used to visualize primary antibody staining. Images were analyzed using MetaMorph, Fluoview software, and/or the FIJI (95) version of ImageJ (W. Rasband, Research Services Branch, National Institute of Mental Health).
Live-cell imaging of sinonasal ALI cultures Fluo-4 loading and imaging were done exactly as previously described (8, 14, 92) . Cells were loaded with 10 mM Fluo-4 AM (PBS + 0.1% pluronic F127; apical side only) for~120 min at room temperature followed by three washes with Dulbecco's phosphate-buffered saline and 15-to 20-min incubation to allow cells to recover. Images were captured at 3-or 5-s intervals using the 488-nm laser line of an Olympus Fluoview confocal system attached to an Olympus IX81 microscope (10×, 0.3 NA UPlanFLN objective; Olympus). No gain, offset, or g alterations were used. Normalization of Fluo-4 fluorescence changes was made after subtraction of background, approximated for each experiment by measuring unloaded ALIs. Baseline fluorescence (F o ) was determined by averaging the first 10 frames of each experiment.
Live/dead staining of ALIs was performed using Syto9/PI mix of a BacLight live/dead kit. MRSA M2 overnight cultures were centrifuged, normalized to 0.01 OD, and incubated with human ALI cultures for 6 hours at 37°C. Afterward, ALIs were washed copiously with PBS and stained using the two dyes at the concentrations indicated in the manufacturer's instructions and imaged immediately.
Data analyses and statistics
All statistical analyses were performed in GraphPad Prism; P < 0.05 was considered statistically significant. For multiple comparisons, ANOVA with Bonferroni posttest was used when preselected pairwise comparisons were performed, ANOVA with Tukey-Kramer posttest was used when all values in the data set were compared, and ANOVA with Dunnett's posttest was used when all values were compared with a control value. Tests used are indicated in the figure legends. For all figures, *P < 0.05, **P < 0.01, and n.s. indicates no statistical significance.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/495/eaam7703/DC1 Fig. S1 . Phylogenetic relationship of metabotropic glutamate receptor family proteins. Table S1 . Sequences used for alignment for phylogenetic tree construction.
